An innovative concept for fabricating solar trough concentrators based on pneumatic polymer mirrors supported on precast concrete frames is presented. Optical aberration is corrected by means of a secondary specular reflector in tandem with the primary cylindrical concentrator. The optimal design is formulated for maximum solar flux concentration. The Monte Carlo ray-tracing technique is applied to determine the effect of reflective surface errors and structural beam deformations on the performance of the combined primary and secondary concentrating system. The numerical results are validated with field measurements on a 49.4 m-length 7.9 m-width sun-tracking prototype system. Theoretical maximum solar concentration ratio is 151 suns; the measured one with a flat secondary reflector was 55 suns.
Introduction
The production costs of conventional solar trough concentrators currently account for approximately one third of the total investments of a solar thermal power plant [1, 2] . An innovative concept for fabricating trough concentrators based on precast concrete frames in combination with pneumatic polymer mirrors promises to reduce these costs considerably. Fig. 1 depicts the conceptual design [3] .
By applying a few mbar overpressure over an inflatable elastic enclosure, two opposing cylindrical curved surfaces are obtained, encompassing a transparent foil on one side and a silicone coated fiberglass fabric with an aluminized mirror sheet on the other side. These gas-tight polymer membranes are supported on their edges with a simple precast and prestressed concrete frame of rectangular shape. The advantages are fivefolded: 1) the concrete structure is more rigid and stronger than a conventional metallic frame; 2) wind induced vibrations are eliminated; 3) mirror alignment is accomplished by differential pressure control; 4) selfcleaning scratch resistant transparent foils can be applied; and 5) high-quality mirror foils are well protected from the environment. Furthermore, preliminary economic analyses indicate the potential of lower costs per square meter, as cheap and less materials are employed, the inflatable polymer membranes are easily transported in rolls, and the concrete frames are produced on site. A 49.4 m-long, 7.9 m-wide prototype has been fabricated and installed perpendicular to the meridian in Biasca, Switzerland. The five aforementioned advantages have been corroborated with this prototype.
The cylindrically-shaped concentrating mirrors suffer from optical aberration, which reduces the achievable solar flux concentration. To correct for this optical imperfection of the image, a tailor-made secondary specular reflector is incorporated in tandem with the primary cylindrical mirror, as schematically shown in Fig. 1 . This paper deals with the optimal geometrical design of the secondary reflector for maximum solar concentration ratio at the target plane. The Monte-Carlo ray-tracing methodology is applied and experimentally validated by measuring the performance of the sun-tracking prototype system. The resulting displacement of the longitudinal beams is decribed by:
Optical analysis
where x I and z I are the moments of inertia with respect to x -and z -axes, respectively. Maximum beam displacements are
, and maximum total beam deformation is
The SM profile is derived in the analysis that follows. Since SM is invariant along y, it can be formulated in 2-D. SM is designed to correct the optical aberration by directing sunrays -incident parallel to the y -zplane and reflected on the ideal (undistorted) PM -onto the focal line described by + ⋅ F q j , with ( )
. The situation is shown in Fig. 4 .
The nominal PM profile (right-side wing, with z -axis of symmetry) is given by:
where
is the right PM profile center point. The right-side SM profile can be described by: Fig. 4 . Derivation of SM designed to correct the optical aberration by directing the sunrays reflected by PM onto the focal line parallel to the y -axis, described by 
and the vector along the direction of the sunray after specular reflection on SM is:
The condition for specular reflection is fulfilled when:
Inserting Eqs. (5), (6) and (7) into Eq. (8) 
Equation ( finally gives the SM profile. For the nominal prototype (baseline) parameters of Table 1 , SM is shown in Fig.  5 . Concluding, the right SM surface is expressed in 3D by:
where 0 1 q ≤ ≤ and SM l is the SM length in y -direction. Table 1 . Nominal (baseline) prototype parameters used for the derivation of SM.
The Monte-Carlo simulation
The Monte Carlo (MC) ray-tracing technique is applied [4] . The analysis is carried out in 3 dimensions to account for skew rays. Bivariate Chi Squared probability density distributions with mode σ are assumed for the local surface errors of PM and SM [5] . The skew angle skew θ formed by the incident sunray and the normal to the PM aperture area is evidently determined for a specific location, day of the year, and time of the day [6] . Sun-tracking is around the y -axis.
Samples of 10
7 rays were used for each MC run. The baseline case uses the dimensions of Table 1 Figs. 6 a) and b) show the influence of PM's surface errors on C and η . C peaks at 151 suns for the ideal case. For PM σ = 10 mrad, the peak C decreases by 86% from its ideal case value to 22, while η is reduced by 63% from its ideal case value to 34% for a target of width 0.1 m. Typically, σ = 2.5 mrad for parabolic trough concentrators [7] . 8a shows the C -profiles along the x -axis for various maximum beam displacements, averaged over the concentrator length. For max 5 u = mm, the peak C reaches 60 suns -a drop of about 60% as compared to the case with no beam deformation. Fig. 8b shows the corresponding η -curves. On a 0.1 m wide target, η decreases from 92% to 63% as max u increases from 0 to 5 mm.
Experimental validation
The MC simulation model was validated in terms of the measured solar concentration ratio C on the prototype system. Hemispherical total reflectivity is determined to 0.92 = All solar flux measurements were performed with flat SM. Maximum measured peak solar concentration ratio was 55 suns. The agreement between numerically simulated and experimentally measured Cdistributions on a 100x240 mm region of interest (ROI) in the focal plane is documented in Table 2 
and total incident radiative power 
where seg m and seg n are the numbers of image segments on the ROI in x -and y -directions, A 10% radiation loss was introduced in all simulations to account for the reduced envelope transmittance due to dust. This value resulted in the best match between simulated and measured peak solar concentration ratio. For all three cases, the mirror surface errors were set to zero. Introduction of surface errors leads to broader C -distributions, which indicates that there are no significant surface errors present on the real concentrator. Table 2 .
Summary and Conclusions
We have presented a novel design for a solar trough concentrator system that features pneumatic polymer mirrors supported on precast concrete frames. Optical aberration caused by the circular primary mirrors (PM) is corrected by tailor-designed secondary mirrors (SM). Ideal peak solar concentration ratio is 151 suns. Measured peak solar concentration ratio on a 50x8 m prototype system with flat SM was 55 suns. Performance reducing factors were: 1) flat instead of ideally curved SM; 2) average mirror reflectivity of 0.92; 3) attenuation of incoming solar radiation through the transparent envelope by 9 to 19% for skew θ varying from 0 to 60° and 4) additional 10% attenuation due to dust on the transparent envelope. A Monte Carlo ray-tracing simulation indicated that surface errors of the PM have a strong influence on the concentrator performance, reducing the peak C to 22 suns (-86%) for 10 = PM σ mrad. However, comparisons of experimentally measured and numerically simulated C -distributions indicate that mirror surface errors are negligible. Deformations of the PM supporting structure caused by its own weight lead to non-linear C -distributions along the concentrator axis. For example, a 5 mm maximum deformation at a concentrator slope 30 =°β reduces the peak C (averaged along the concentrator length) to 60 suns.
